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Abstract:  
The resistive pulse sensing (RPS) method has been widely used for characterization of particles, 
cells, and biomolecules due to its merits of high sensitivity and resolution. This paper 
investigates working parameters involved in detecting submicron and micron-sized particles by 
the differential RPS method on microfluidic chips. Effects of particle-to-sensor size ratio, ionic 
concentration and pH of the electrolyte solution, and applied electric field are studied 
systematically by using polystyrene particles with a size range from 140 nm to 5 μm. The results 
show that both the amplitude and the signal-to-noise ratio (SNR) of the RPS signals increase 
with the particle-to-sensor size ratio as well as the ionic concentration of the electrolyte media. 
The amplitude of the RPS signals also increases with increasing applied voltage, while the SNR 
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experiences an upslope at low voltages and a decline under the condition of high voltages. pH 
has little effect on the background noise of the differential RPS signals but reduces the amplitude 
of the RPS signals at high pH. Grouping of RPS signals is considered to be caused by 
interactions between the sensor walls and the particles. Nanoparticle detection by the differential 
RPS method can be enhanced by optimizing these working parameters. 
Keywords: Resistive Pulse Sensing (RPS); Nanoparticle Detection; Signal-to-Noise Ratio; 
Working Parameter Optimization 
 
1. Introduction  
Resistive pulse sensing technique has generated considerable interest as a powerful tool in 
chemical and biological fields due to its simple design and high sensitivity in detecting and 
sizing micro- and nano-particles. A lot of applications have been developed based on the RPS 
technique. For instance, detection and sequencing of individual DNA molecules based on the 
RPS technique have been reported recently [1–9]. Colloidal objects such as liposomes [10–12], 
oil droplets [13], nanoparticles [14–16], proteins [17–21], viruses [22–25], cells [26], bacteria 
[27] even individual organic molecules and ions [28–30] can also be detected by the RPS 
method. From RPS signals one can predict the size and concentration of particles, the shape of 
particles [10] as well as the shape of RPS sensors [31], and the surface charge and zeta potential 
of the detected objects [32–34]. Additionally, in comparison with other detection strategies, such 
as optical methods [35], the RPS method is label-free and compatible with the established 
nanofabrication techniques, consequently, the RPS method can be integrated with nanofluidic 
 3 
systems and provides cost-effective and robust lab-on-a-chip applications [36]. However, to fully 
explore the potential of the RPS technique in practical applications, it is crucial to obtain high-
quality RPS signals.  
    A traditional design of an RPS detection system for nano-sized objects is simply bridging 
two tanks of electrolyte solution with a nanopore or a nano-orifice [23,37–39]. An electric field 
is applied to build up a constant electric current through the nanopore. As a non-conducting 
particle passes through the nanopore and partially displaces the electrolyte, the stable electric 
current inside the nanopore is disturbed due to the conductivity change, generating a “pulse” 
signal which can be recorded by an ammeter. Theoretically, for a traditional RPS system, the 
amplitude of the RPS signal is proportional to the particle-to-pore size ratio, the applied voltage 
as well as the conductivity of the electrolyte solution [40,41]. To detect recognizable RPS 
signals, one has to investigate the effects of the parameters involved in the RPS measurements 
and to improve the signal-to-noise ratio (SNR). The noises can be categorized into two groups. 
The low-frequency noises come from the external electric power source, fluctuations of particles 
around the RPS sensor, collisions between particles and sensor walls, free charge carriers and the 
existence of nano-bubbles, and so on. The high-frequency components of the noises are due to 
the intrinsic properties of the electronic circuit [42,43]. To improve the SNR and to get rid of the 
limitations of the traditional RPS method, considerable efforts have been made. For instance, 
metal oxide semiconductor field effect transistor-based RPS devices have been developed by Xu 
et al., which enables detection of particle-to-pore size ratio down to 0.006% [44,45].  Later on, 
Wu et al. [43] developed a microfluidic-based differential RPS device by using a two-stage 
differential amplification method. The symmetric differential detecting channels are able to 
reduce the background noises efficiently, and a minimum detectable particle-to-pore volume 
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ratio of 0.0004%  was achieved [43], showing potential capabilities in submicron and nano-sized 
particle sizing and detection.  
    As a promising characterization tool in nanoscience and nanotechnology, the differential 
RPS method has several merits over the traditional design. Combining nanofluidic and Lab-on-a-
Chip technologies, the differential RPS system can be integrated onto a tiny piece of nanofluidic 
chip, which minimizes the bulky system of the traditional design on one hand and lowers the 
consumption of samples to picoliter level on the other hand. Moreover, differential RPS devices 
developed on PDMS platforms are reproducible, cost-effective, productive, which avoids tricky 
problems in fabricating traditional RPS systems, for example, complicated fabrication processes 
in making glass nanopipettes [23,37–39], high expenditure in fabricating solid-state nanopores 
by using standard techniques in the semiconductor industry [24,46],  low repeatability and 
productivity by using unconventional materials such as carbon nanotubes (CNTs) [47–51] and 
tunable polymer nanopores [13,32,52,53]. In the differential RPS design, fluidic channels filled 
with conducting solutions are working as electrodes for differential signal acquisition, 
consequently, no fine printed electrodes are needed [54]. In addition, RPS systems made of 
PDMS have a relatively low background noise in comparison with those made of solid-state 
materials [15]. Based on the differential RPS design, a series of applications have been 
developed, for example, counting nanoparticles [55] and bacteria [27] on microfluidic chips. 
Recently, Peng and Li [14] reported a differential RPS system developed on a PDMS nanofluidic 
chip, demonstrating that nanoparticles of 23 nm in diameter and dsDNA molecules can be 
detected. The nanofluidic chip is simply composed of a microchannel-nanochannel structure, in 
which the nanochannel section works as the differential RPS sensor. The authors also 
demonstrated that the RPS system is capable of distinguishing 60 nm and 80 nm nanoparticles 
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and detecting folding and knotting of DNA chains. However, to fully utilize the advantages of 
the differential RPS technique developed on these kinds of nanofluidic chips and to improve the 
sensitivity and SNR in nano-sized or submicron-sized objects detection, a systematic study is 
needed to fully understand the working parameters involved in the detection.   
    In this paper, working parameters in detecting submicron-sized particles by the differential 
RPS method on microfluidic chips are studied systematically. Particle-to-pore size ratio effects 
are investigated by detecting polystyrene particles of different size ranging from 83 nm to 1    
through one RPS sensor. KCl solutions ranging from 0.1 mM to 2 M are applied in detecting 140 
nm, 500 nm and 5    particles to study the ionic concentration effects. Influences of pH value of 
the electrolyte and the applied electric field on the SNR in particle detection are also 
investigated. Particle loading frequency effects and particle loading trajectory effects on the 
channel-based differential RPS method are discussed. Conclusions on optimizing working 
parameters for detecting nanoparticles by the differential RPS method based on the experimental 
results are presented. 
2. Material and methods  
2.1 Working principle of differential RPS  
Figure 1 (a) illustrates the working principle of the differential RPS system. The upstream and 
downstream sections of the main channel are connected by a submicron channel, and the system 
is powered by a DC electric field. Two symmetric microchannels located adjacent to the RPS 
gate work as the electrodes for differential signal acquisition. Figure 1 (b) is an equivalent 
electrical circuit of the detection system, where    and    are the electrical resistances of the 
upstream and the downstream of the main channel filled with electrolyte solution, and    and    
are the electrical resistances of the RPS gate and the resistance change of the RPS sensor due to 
passing through of particles.    and    are the electrical resistances of the amplifier circuits and 
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the detecting channel. Considering a small particle size case (d/D<0.5) [56], the output of the 
RPS signals can be derived accordingly (see Eq. S13 of the Supplementary Information (SI) for 
the detail), where d and D are the diameters of the particle and the RPS gate, respectively. 
However, in this study, experimental data are not correlated to the mathematical model 
quantitatively due to the complexity and practicability of the equations. For practical applications 
of an RPS sizing system, a numerical fitting curve is commonly used.  
   Figure 2 shows a sketch of the RPS detection system developed in this study. A differential 
RPS chip with microchannels connected by a submicron channel is fabricated on a PDMS 
platform. DC power is applied to the upstream and downstream of the main channel through two 
reservoirs. Electrical pulse signals generated by the particles are detected by the two differential 
detecting channels through Pt electrodes and transferred to the differential amplifier. A data 
acquisition card and a self-compiled LabVIEW program are applied to collect the amplified 
signals. To minimize noises from the surroundings, shielding cables and a shielding box were 
applied during the experiments. 
2.2 Fabrication of PDMS RPS nanofluidic chips 
The microfluidic chip used in this study is composed of two layers of PDMS slabs, as shown 
in Figure 3(a). The PDMS microchannel system on the top layer was replicated by soft 
lithography method from a microchannel mold, and the microchannel mold was made by the 
standard photolithography method (SU8 photoresist, MicroChem). The microchannel system is 
about 5   in depth, and there is a 6.4    long gap between the upstream and downstream of the 
main channel, which is bridged by a submicron channel on the bottom layer. The main channel 
on the top layer is 100    wide and 0.8 cm long, while the detecting channels are around 0.7 cm 
in length and 50    in width. The PDMS submicron channel on the bottom layer was replicated 
from a channel mold fabricated by an unconventional method. In this method, a solvent-induced 
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nanocrack on a polystyrene surface [57] was replicated on a photoresist layer by the nanoimprint 
technique [58]. More details and guidelines for making submicron channel molds can be found 
in the references [57,58]. The microchannels and the submicron-sized channels were duplicated 
onto PDMS surfaces by casting pre-curing PDMS (Sylgard 184, base to curing agent 10:1) onto 
the channel molds followed by a curing process at 80  for 2 hours. After peeling off, the 
microchannel system and the submicron channel on both PDMS slabs were treated with plasma 
for 60 s (Harrick plasma®, PDC-32G), and an alignment system [58] was used to bond these 
PDMS slabs together. Figure 3 (a) shows the working procedures in detail. To be noted, regular 
PDMS is soft, and small PDMS channels are likely to collapse after bonding; as a result, a thin 
layer of x-PDMS [58] (about 15  m) was coated onto the channel molds and cured at 70  for 1 
hour before casting of the above-mentioned regular PDMS. It should be noted that PDMS 
material could degrade in extreme environments, such as extreme high pH values, due to 
hygroscopic and hydrolytic degradation [59]. However, these effects only become appreciable at 
very long exposure time and extreme pH values. In this study, the PDMS chips were used for 
only once, and the working life of each chip was generally shorter that 30 mins. As a result, the 
effects of hygroscopicity of the PDMS material on the RPS detection were not considered in this 
study.  
    Figure 3 (b) and Figure 3 (c) show an example of the microfluidic chip after bonding and a 
zoomed-in view of the RPS sensing area, respectively. The size of submicron channels used in 
this study was measured by an AFM (Multimode™SPM, Digital Instruments) at five locations 
and average values are presented in this article. It should be noted that PDMS channels replicated 
from one positive channel mold have the same size, as a result, the size of PDMS channels 
replicated from one certain channel mold was measured for only once on one PDMS channel. 
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Figure 3 (d) and Figure 3 (e) illustrate an example of a submicron channel replicated on a PDMS 
surface and a cross-section of this channel. In this work, three chips with three different RPS 
gates were developed. The RPS gate of 2.4    in width and 2.5    in depth was used to study 
the particle-to-sensor volume ratio effects by detecting 1   , 500 nm, 220 nm, 140 nm, and 83 
nm particles. The RPS gate of 455 nm in width and 430 nm in depth was used to investigate the 
ionic concentration effects, the pH effects and the applied voltage effects by detecting 140 nm 
nanoparticles. As a comparison work, a 16    wide and 15    deep micron-sized RPS gate was 
used to detect 5    particles.   
2.3 Chemical reagents 
KCl solutions ranging from 0.1 mM to 2 M were prepared by dissolving KCl (Fisher 
Scientific) into pure water (Mini Q, Direct-Q3, 18.2 MΩ∙cm, pH 6.5). Triton X-100 (0.1% (v/v)) 
was applied in all the solutions to avoid aggregation of nanoparticles. Acidic and alkaline 
solutions (0.5 M HCl and 0.5 M KOH) were used to adjust the pH value of the KCl solutions. 
Particles of 5    (PS05N) 1    (PS04N), 500 nm (PS02N) and 220 nm (FC02F) in diameter 
were bought from Bangs Laboratories (10% solids, w/v), and polystyrene particles of 140 nm 
(G140) and 83 nm (G85B) in diameter were purchased from Thermo Fisher Scientific (1% solids, 
w/v). Before each testing, the particles were diluted in a specific electrolyte solution by 1000 
times. The sample solutions were initially dispersed by using a vortex mixer for 30 s and further 
mixed by using an ultrasonic mixer (Fisher Scientific) for at least 2 minutes. For each electrolyte 
solution, the conductivity and the pH value were measured for at least 3 times (Omega PHH-
128). During the experiments, the DC power (AJC Brand® Battery) was applied on the 
nanofluidic chip through Pt electrodes (Sigma-Aldrich), and the amplification factor of the single 
stage differential amplifier (AD620, Digi-Key) was 500. The signals were recorded by the data 
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acquisition card (USB 6259) working at 1 kHz sampling frequency. The sizes of the 1   , 500 
nm, 220 nm and 140 nm particles were also measured by dynamic laser scattering (DLS) 
(Zetasizer Nano ZS90, Malvern). 
2.4 Experimental procedures and data processing 
The PDMS chip was initially filled with one kind of pure KCl electrolyte solution for 15 
minutes prior to loading the particle samples. Afterward, Pt electrodes were inserted into the 
channel reservoirs, and a DC power was applied to the electrodes. The RPS signals were 
detected by the differential detecting channels and amplified by 500 times then recorded by a 
self-complied LabVIEW program simultaneously. A low pass Bessel filter working at 30 Hz was 
applied to remove high-frequency noises from the original data. Example movies of detecting 
140 nm and 1    particles by using the differential RPS systems can be found in the SI. It 
should be noted that 1 kHz sampling rate is sufficient for this study because the duration time of 
the RPS events for all the cases in this work was around 50~200 ms. Additionally, for each case, 
i.e., one kind of solution, one RPS gate size, and one applied voltage, at least three fresh chips 
were prepared and the experiments were conducted on these chips independently. Data obtained 
by using these chips were organized on one histogram. All the experiments were conducted at 
room temperature around 23 . 
    During the data processing, moving average technique was applied to evaluate the baseline 
of the raw data as reported by Plesa and Dekker [60]. For each case, at least 50 RPS events were 
analyzed. It is hard to determine the starting point and the ending point of an RPS event due to 
the entrance effects. To avoid errors in evaluating dwelling time of the RPS events, FWHM (Full 
Width at Half Maximum) durations of the RPS signals were calculated, and the FWHM dwelling 
time is applied throughout this article. Average values and standard derivations of the amplitudes 
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of the RPS events are evaluated and presented in the following sections. In this article, working 
parameter effects on the signal-to-noise ratio (SNR) of the differential RPS method were 
investigated. The SNR was calculated by  
              .            (1) 
where the noise level ( ) of each case was obtained by calculating the standard deviation of 
1000 data points without RPS events, and          is the average amplitude of the RPS signals 
(see the SI for the equation). In addition, as mentioned above, for each case, at least three chips 
were used. However, for each chip, the noise level varies due to the uncertainty in the chip 
bonding process and variability in surface charge of the PDMS channels, etc. An average noise 
level was obtained to evaluate the SNR. It should be noted that the widely accepted threshold is 
3~5 times of the noise level. In this article, for most cases, thresholds of 3~20 times of the noise 
level were applied to identify RPS events. However, for only extreme cases, the SNRs were very 
low and a vlaue of 3 times of the noise level failed to identify RPS events, as a result, a minimum 
value of 1.5 times of the noise level was used to identify RPS events to obtain comprehensive 
trends of the data.  
3. Results and discussion  
3.1 Particle-to-sensor volume ratio  
According to the classical theory, the magnitude of an RPS signal generated by a non-
conducting particle is the same as the resistance change of the sensor, while the resistance 
change of the sensor is dominated by the particle-to-sensor volume ratio [61]. To study the 
particle-to-sensor volume ratio effects on particle detection by the differential RPS method, 
particles of 1   , 500 nm, 220 nm, 140 nm and 83 nm were diluted in 0.5 M KCl solution and 
detected by one RPS gate. The RPS gate is about 6.4    long, 2.4    wide and 2.5    deep. 
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The corresponding particle-to-sensor volume ratios     are 0.012, 1.5                   
     and           respectively. For all the cases, a 6 V DC voltage was applied to the main 
channel during the experiments. The experimental results are illustrated in Figure 4. Figure 4 (a) 
demonstrates the number percentage distributions of the RPS signals detected by using this RPS 
chip under the above-mentioned conditions. For this specific sensing gate, 83 nm nanoparticles 
were too small to be detected. Figure 4 (b) illustrates the particle-to-sensor volume ratio effects 
on the amplitude and the SNR of the RPS signals by detecting 1   , 500 nm, 220 nm and 140 
nm particles. Examples of RPS signals of 1   , 500 nm, 220 nm and 140 nm particles are 
demonstrated in Figure 4 (c)-(f), respectively. 
    From Figure 4 (a) one can see that the distributions of these RPS magnitudes are well 
distinguished, showing superior resolution than that of the DLS method (see Figure S-1 of SI for 
the DLS data), which have also been verified and reported in the literature [14,62]. The average 
RPS amplitudes of the     , 500 nm, 220 nm and 140 nm particle cases are around 5 V, 0.5 V, 
0.08 and 0.03 V, respectively, as shown in Figure 4 (b) (the red dashed line), and the 
corresponding spans of the bins are illustrated in Figure 4 (a). From Figure 4 (b) one can find 
that the relation between the amplitude of RPS signals and the particle-to-sensor volume ratio   
is not linear. According to the theory, when the particle is small in comparison with the pore 
diameter, the resistance change is a linear function of the particle volume [63], however, as the 
particle volume becomes large, the relationship between the electrical resistance change and the 
particle volume becomes increasingly nonlinear [40,41,64]. Similarly, the SNR of the RPS 
signals also increases with   dramatically, as shown in Figure 4 (b), indicating that a larger size 
ratio   gives rise to a higher SNR which is beneficial to the reliability of the particle detection. 
Examples of RPS signals of 1   , 500 nm, 220 nm and 140 nm particles are demonstrated in 
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Figure 4 (c)-(f). Apparently, both the amplitude and the SNR of the RPS events in Figure 4 (c) 
are much higher than that in Figure 4 (d), (e) and (f). RPS events detected under the condition of 
high   are more recognizable than those of the low   cases. For instance, one can see the RPS 
signals clearly in Figure 4 (c) but can hardly recognize the events in Figure 4 (e). As mentioned 
above, 83 nm nanoparticles were also detected by this chip under the same working condition, 
but the signals of the particles were immersed in the background noises due to the extremely low 
size ratio  . Theoretically speaking, a large   would improve the sensitivity and the SNR of the 
RPS detection efficiently, however, the upper limit is dependent on the sensor’s physical size, 
because an extremely high   may trigger problems in sample loading. As a result, a suitable   is 
very important for nanoparticle detection by the differential RPS method. 
3.2 Ionic concentration effects  
Generally speaking, the RPS method works well with highly conductive electrolyte solutions 
and it is difficult to detect RPS events by using an electrolyte solution with an extremely low 
conductivity. The conductivity of an electrolyte solution is dominated by both the mobility and 
concentration of the mobile ions. In this section, KCl solutions ranging from 0.1 mM to 2 M 
were applied to detect both 140 nm and 5    particles by using two RPS gates of different size, 
2.5                   and                    respectively. For the 140 nm particle 
cases, the particles were diluted in the above-mentioned KCl solutions, and a 1.5 V electric 
potential was applied along the main channel. For the      particle cases, a 9 V electric voltage 
was applied. It should be noted that in order to obtain reliable RPS signals, different electric 
fields were applied in the 140 nm cases and the      cases, and the electric field effects will be 
discussed in the following sections. Figure 5 shows the experimental results. Figure 5 (a) 
illustrates the distributions of the RPS amplitude of the 140 nm particles detected by using 0.01 
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M, 0.1 M, 0.5 M and 1 M KCl solutions, and the corresponding examples of RPS signals are 
presented in Figure 5 (b). The conductivity of the electrolyte solutions and the ionic 
concentration effects on the signal amplitude and the SNR of 140 nm and 5    particle cases are 
shown in Figure 5 (c) and Figure 5 (d), respectively. 
    From Figure 5 (a) and (b), one can see that both the amplitude and the SNR of the RPS 
signals increase with the ionic concentration. RPS events detected by using a high concentration 
solution, such as 1 M KCl, are more recognizable than that detected by utilizing a low 
concentration solution, 0.01 M KCl, for example, because the high conductivity of the high 
concentration solution. As shown in Figure 5 (c), the conductivity of the KCl solution increases 
with the ionic concentration dramatically, for instance, as the concentration increases from 0.1 
mM to the 2 M, the conductivity increases from 0.15 mS/m to about 125 mS/m. The amplitudes 
of the RPS signals for both the 140 nm particles and the 5    particles follow the trend of the 
conductivity curve, which coincides with the model presented in Eq. (S13) of SI. The 
conductivity of electrolyte solution dominates the electrical resistance of the detecting 
channels   , which affects the input of the RPS signals (Eq. (S8) of the SI). From Eq. (S8), 
apparently, one can get a conclusion that a higher concentration electrolyte solution with a higher 
electric conductivity is beneficial for smaller particle detection by obtaining an RPS signal with 
larger amplitude. The conductivity effects on the magnitude of RPS signals was also verified by 
using other 5 kinds of electrolyte solutions (see Figure S-2 of the SI for the detail). From Figure 
S-2, one can also conclude that the amplitude of the RPS signals follows the trend of the 
conductivity. 
    Ionic concentration affects the SNR of the RPS detection by the same way. From Figure 5 
(d), one can see that the SNR of the 140 nm cases increases with the ionic concentration 
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gradually from 7.6 to about 47 as the ionic concentration increases from 0.01 M to 1 M.  For the 
0.01 M case, it is difficult to identify the RPS events of the 140 nm particles due to the low SNR; 
however, for the 2 M case (not presented in the figure), 140 nm particles get aggregated in such a 
high ionic strength environment, consequently, it is also hard to detect reliable RPS events due to 
the blockage of the RPS gate. Examples of RPS signals of aggregated nanoparticles and 
blockage of the RPS gate due to high ionic concentration are demonstrated in Figure S-3 of SI. 
As a comparison case, the SNR of the 5    particle cases also increases with the ionic 
concentration in the range of 1 mM to 0.5 M, as shown in Figure 5 (d); however, the SNR 
decreases rapidly when the concentration increases further, while the amplitude of the RPS 
signals still increases with the ionic concentration (see Figure 5 (c)). One possible reason for the 
decrease of the SNR at high concentration is the electrolysis of water under the condition of high 
conductivity of the electrolyte and the high electric voltage applied along the main channel. 
Electrolysis of water will generate small air bubbles at the electrodes and change the pH value of 
the electrolyte solution, resulting in fluctuations of current in the main channel and giving rise to 
a higher level of background noise. The effects of the pH value and the applied voltage will be 
discussed in the following sections. 
3.3 Applied voltage effects  
The DC power applied to the main channel provides driven forces for the loading of particles 
through electrophoresis and electroosmosis on one hand and generates basic current and 
detectable signals on the other hand. However, the magnitude of the applied voltage affects the 
particle detection processes significantly. An electric voltage ranging from 1 V to 9 V was 
applied to investigate the electric field effects on detecting 140 nm particles by the differential 
RPS method. As comparison cases, 500 nm and 5    particles were also detected by using 
larger RPS gates. All the particles were diluted in 0.5 M KCl solution (pH4). Figure 6 shows the 
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experimental results in detail. Figure 6 (a) illustrates the distributions of the RPS amplitudes of 
140 nm particles detected by applying 1 V, 1.5 V,  3 V, 6 V and 9 V electric voltages. From 
Figure 6 (a) one can see that the amplitude of the RPS signals increases with the applied voltage 
gradually. Figure 6 (b) and Figure 6 (c) illustrate the effects of the applied voltage on the 
amplitude and the SNR of the RPS signals for all these three particle cases. 
In Figure 6 (b) one can see that the amplitudes of the RPS signals are almost linear with the 
applied voltage for all three particle cases, which coincides with the model derived in Eq. (S13) 
of the SI, where the output of the RPS amplitude is proportional to the applied electric voltage 
when the other parameters are identical, i. e., the same electrolyte solution, and the same particle-
to-sensor volume ratio. Consequently, to obtain RPS signals with larger amplitudes, a higher 
applied voltage is essential. However, a high SNR is more desirable for recognizable RPS 
signals. Figure 6 (c) shows the applied voltage effects on the SNR of the differential RPS 
detection. The SNRs of these three particle cases increase with the applied voltage at low 
voltages and then decrease after reaching critical values. For instance, the SNR of the 5    case 
increases from 27 to about 85 when the applied voltage increases from 1.5 V to 6 V; however, 
the SNR value decreases to about 70 as the voltage increases to 9 V. The 500 nm case shows a 
similar trend. For the 140 nm particle case, the SNR is about 3 at 1 V and increases gradually to 
around 18 at 3 V and then reduces to about 6 when the applied voltage increases to 9 V.  
Apparently, the increment of the SNR at low voltages is due to the increasing RPS signal 
amplitude as shown in Figure 6 (b). However, when the applied voltage becomes higher, new 
phenomena occur and affect the SNR. As mentioned above, a high voltage is likely to trigger 
electrolysis of water which gives rise to generating of air bubbles and changing of pH value of 
the electrolyte media. These factors contribute to a higher level of background noise. In addition, 
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the moving speed of particles is higher under the condition of higher electric fields. Collisions 
between the particles and collisions between the particles and the channel walls will also give 
rise to a higher noise level. Moreover, when a high electric field is applied to a small RPS gate, 
vortices are likely to be generated at the entrance and the exit of the sensing gate due to  
polarization of ions, electroosmotic flow of the second kind, induced-charge effects and so on 
[65–70]. The vortices induce fluctuations of the electrical current in the main channel and result 
in a higher noise level during RPS detection, especially for nano-sized RPS gates. For example, 
the SNR of detecting 140 nm particles at 3 V is about 18, and this value decreases by two-thirds 
to around 6 as 9 V is applied. Consequently, to obtain RPS signals with large amplitudes and 
high SNRs, a suitable applied voltage is crucial. Many published papers have studied the applied 
voltage effects on the RPS detection, and the RPS amplitude also increases with the applied 
voltage [24,71], however, in these papers, the effects of applied voltage on the SNR of the RPS 
detection have not been investigated.  
3.4 pH effects  
It is widely accepted that pH affects the surface charge properties of solid surfaces, and the 
surface charges dominate electrokinetic transport behaviors in both microfluidic and nanofluidic 
systems. Also, particle samples are usually required to be suspended in a specific pH 
environment; however, to the best of our knowledge, the effects of the pH environment on small 
particle detection by the RPS method have seldom been studied. In this section, KCl solutions 
with various pH values were applied to study the pH effects on particle detection. Particles of 
5   , 500 nm, and 140 nm were diluted in the solution, and 9 V, 6 V, and 3 V electric voltages 
were applied along the main channels in the three particle cases, respectively. Figure 7 illustrates 
the pH effects on the particle detection in detail. Figure 7 (a) describes the conductivity of KCl 
solutions with pH values ranging from 1 to 13 and the amplitudes of RPS signals of 5   , 500 
 17 
nm, and 140 nm particles detected by using these solutions. Figure 7 (b) gives the pH effects on 
the SNR of the RPS signals in detecting 140 nm particles, and Figure 7 (c) demonstrates the 
distribution of the RPS amplitude of the 140 nm particles. Examples of RPS signals recorded 
during detecting 140 nm particles by using pH 1, pH 4, pH 6 and pH 10 KCl solutions are 
demonstrated in Figure 7 (d).  
    From Figure 7 (a) one can see that the RPS amplitude for all three particle cases decreases 
with increasing pH sharply at low pH followed by a plateau in the middle and experiences a 
decreasing trend at high pH. The conductivity of the solutions decreases with increasing pH at 
low pH and arrives at a plateau in the mediate pH, however, increases again when the pH value 
is higher than 10, as shown in Figure 7 (a). The high conductivity at low and high pH values is 




 ions [72]. It is obvious that the amplitudes of the 
RPS signals for all these three particle cases are dominated by the conductivity of the electrolyte 
media and follow the trend of the conductivity curve at low pH values. However, when the pH 
value becomes higher, the conductivity effects are less important, and the RPS amplitudes are 
mostly affected by the pH.  
For instance, for the 140 nm particle cases, when the pH value increases from 1 to 2, the 
conductivity decreases from about 90 mS/m to around 53 mS/m while the signal amplitude 
decreases from 0.3 V to about 0.2 V. However, when the pH further increases from 6 to 12, the 
conductivity also increases from 47 mS/m to 55 mS/m, but the amplitude of the RPS signals 
decreases from about 0.2 V to 0.1 V. The trend of the SNR in Figure 7 (b) is almost identical 
with the signal amplitude curve in Figure 7 (a). However, the calculated background noise levels 
for all the cases are of the same magnitude, about 0.02 V. As a result, one can conclude that pH 
has little effect on the background noise but affects the amplitude of the RPS signals at high pH, 
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as intuitively shown in Figure 7 (d). From Figure 7 (d) one can see that RPS signals detected by 
using pH 1 solution are more recognizable than those by using higher pH solutions. On the other 
hand, from Figure 7 (a) one can see that the decrease of the RPS amplitude at high pH is more 
evident in the 140 nm particle case. One probable reason is that the charge effect on the RPS 
amplitude in the 140 nm particle case is more obvious than that in the 5    and 500 nm particle 
cases is that a small particle has a larger surface-to-volume ratio compared with large particles. 
Under the condition of high pH, small particles are highly negatively charged; as a result, the 
charges on the particles contribute partial conductivity to the RPS gate and reduce the amplitude 
of the RPS signals. While in the model presented in the SI, the particles are assumed to be 
perfectly non-conducting and pH has no effects on the amplitude of the RPS signals. However, 
in practical particle detection, to obtain RPS signals with large amplitudes and high SNRs, it is 
crucial to find a right electrolyte with a suitable pH value.  
In addition, pH of the electrolyte solution plays an important role in sample loading and 
stabilization of particle suspensions in particle detection by affecting the surface charges of the 
RPS gate and the particles. In electrokinetic sample loading, the surface charges on the RPS gate 
and the particles combining with the externally applied electric field provide the driven forces for 
the fluid and the particles. However, at a specific pH value, sample loading by electroosmotic 
flow and electrophoresis may fail because the surface charges may become zero at this pH value, 
which is called PZC (point of zero charge) or isoelectric point. For example, during the 
experiments of this section, reversal of moving direction of the particles at a pH around 10 was 
observed.  As a result, at pH 10, the velocity of the particles was very slow. Furthermore, the 
repulsion force between the entrance of the RPS gate and the particles stops the particles from 
entering the RPS gate, which is also a problem in particle loading in some circumstances. A 
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proper pH value can also stabilize the particle suspensions through enhancing the surface charges 
of the particles. To conclude, the pH of the electrolyte media affects the efficiency of 
electrokinetic sample loading, the duration time and amplitude of the RPS events, stability of the 
particle suspensions by dominating the surface charges of the RPS gates and the particles.  
3.5 Particle concentration and loading trajectory effects  
One can get the dynamic motion and the concentration of particles by evaluating the duration 
time and the frequency of the RPS signals, and for a channel-based RPS sensor, the dynamic 
motion of the particles is affected by the concentration and the trajectory of the particles. For 
example, when two successive particles are too close to each other, they will affect the motion of 
each other when passing through the RPS gate due to the electrostatic repulsion force between 
them. In addition, simultaneous translocation of two or more particles will generate larger RPS 
signals in comparison with those of single particle cases. The loading trajectory of particles also 
affects the shape of RPS signals. For example, off-axis translocations of particles may generate 
larger RPS signals compared with those of the on-axis cases [52,56,73] due to the non-uniform 
electric field inside the RPS gate. RPS signals are induced even before the entry of the particles 
[52,74,75]. As a result, attention should be paid to the trajectories of the particles during RPS 
detection. 
Figure 8 demonstrates an example of grouping of RPS signals due to off-axis particle loading 
and interactions between the channel walls and the particles. In this case, 500 nm particles were 
diluted in 0.5 M KCl solution (pH 2) by 500 times and detected by applying 9 V along the main 
channel. To be noted, the trajectory effects may happen at any circumstance and the working 
condition demonstrated in part is just an example. Figure 8 (a) is a scatter diagram of the RPS 
signals. From Figure 8 (a) one can see that the signals are separated into two apparent groups. 
The amplitudes of the two groups of RPS signals are similar, as shown in Figure 8 (b), however, 
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the signals are separated into two groups by different durations (Figure 8 (c)). Figure 8 (d) is a 
zoomed-in view of the first-group RPS signals and the distributions of the amplitude and the 
duration time of these signals. A similar example of grouping of RPS signals detected by the 
differential RPS method is demonstrated in Figure S-4 of the SI.  
Grouping of RPS signals by amplitude has been reported previously [52], and a variation in 
amplitude ranging from 10% ~ 35% has been presented [56,73]. However, in Figure 8 (a), the 
difference in the amplitude of these two groups of events is not so obvious, and the events are 
mainly grouped by duration time. The discrepancy in the grouping style is considered to be 
caused by the shape of the RPS gate and the interactions between the particles and the RPS gate. 
In the channel-based RPS detection, the RPS gate is a long channel and the electric field inside 
the channel is relatively uniform, as a result, off-axis translocations of particles will not 
contribute large amplitude changes in the RPS detection. However, as the particle size is 
comparable to the diameter of the RPS gate, off-axis particles are likely to touch the RPS gate 
walls and interact with the channel walls, resulting in a low transport speed and a long duration 
time. On the contrary, particles loaded along the central axis will pass through the RPS gate 
smoothly without any interactions, and the speed is high while the duration time is short. 
Consequently, the events of the translocations are divided into two apparent groups, one group 
with shorter duration time and without channel wall-particle interactions and one group with 
longer duration time due to the interactions between the channel walls and the particles, as 
shown in Figure 8 (a). Consequently, one may predict that for long channel-based RPS gates, the 
grouping behavior is dominated by the particle-wall interactions, and the RPS events are mainly 
grouped by duration time, for example, more than 50% in difference as illustrated in Figure 8(a). 
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A video demonstrating the off-axis effect in RPS detection recorded during the experiments can 
be found in the SI. 
It is impossible to avoid the circumstance of simultaneous loading of particles theoretically. 
Entering of two particles into the RPS gate at once will generate a larger RPS signal compared 
with that of a single particle case. An example of simultaneous transport of particles is 
demonstrated in Figure S-3 of the SI. However, the possibility of the simultaneous loading 
situation can be minimized by controlling the concentration of the particle samples. In theory, the 
highest particle concentration (volume ratio v/v) that an RPS system can handle in a one-by-one 
detection style is the same as that of the particle-to-sensor volume ratio (γ). In the experiments, 
the particle samples are usually diluted to make sure the one-by-one detection process.  
4. Conclusions  
This paper investigates key working parameters in the differential RPS method in submicron 
particle detection by experiments. The effects of particle-to-sensor size ratio, ionic concentration 
and pH of the electrolyte solution, applied voltage, as well as the particle loading trajectory on 
the differential RPS method are studied. The results show that both the amplitude and the SNR 
of the RPS signals increase with the particle-to-sensor size ratio and the conductivity of the 
electrolyte media. The amplitude of RPS signals also increases with the applied voltage. 
However, the SNR increases with the applied voltage only when the voltage is lower than a 
critical value, and when the applied voltage is higher than the critical value, the SNR decreases 
with the voltage gradually. pH has little effect on the background noise of the differential RPS 
detection but reduces the amplitude of the RPS signals at high pH. RPS events could be divided 
into groups due to the off-axis effect and interactions between the channel walls and the 
particles. Aggregation of small particles under the condition of extremely high ionic strength, 
extremely low pH, instability of electric current through the RPS gate at a high driven electric 
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field would lower the effectiveness of the differential RPS method. The present study provides a 
framework for the applications of the differential RPS method in particle detection. Detection of 
nanoparticles by the differential RPS method can be enhanced by optimizing these working 
parameters. In addition, based on the systematic study presented in this paper, the device also 
offers potential applications in the fundamental research areas such as microfluidics, nanofluidics 
as well as interfacial sciences by analyzing the shape, amplitude, duration of the RPS signals. 
The potential applications may include investigating electrokinetic transport of particles in a 
confined space, detecting surface charge of particles, capturing and manipulating of particles, 
and detecting deformation of targets. 
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Video Caption 
Video 1: Detection of 1um particles by the differential RPS method  
Video 2: Detection of 140 nm particles by the differential RPS method  
Video 3: An example of trajectory effect on RPS detection  
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Figure 1. Schematics of working principle of a nanochannel-based differential RPS chip. (a) 
Layout and mechanism of the differential RPS chip design. The upstream and downstream of a 
micron-sized microchannel is connected by a submicron channel. The channels are filled with 
electrolyte solution. A DC electric field is applied along the main channel. Two detecting 
channels located at the two ends of the RPS gate work as the differential signal acquisition 
electrodes. (b) An equivalent electrical circuit of the differential RPS design.     and    are the 
electrical resistance of the RPS gate and the electrical resistance change caused by passing 
through of a particle.    and    are the electrical resistances of the upstream section and the 
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downstream section of the main channel.    and    are the electrical resistances of the detecting 
channels and the amplifier circuits.  
Figure 2. A sketch of the differential RPS detection system. The microchannel is used for 
sample loading. A DC electric field is applied to the main channel to drive the particles. A 
differential amplification circuit connecting to a data acquisition card is used to collect signals of 
the particles and LabVIEW programs are used to control the RPS signal acquisition process.  
Figure 3. Fabrication of differential RPS microfluidic chips for submicron particle detection. (a) 
Components of a PDMS microfluidic chip, with a microchannel system on the top layer a single 
sensing channel on the bottom layer. (b) An example of RPS chip after bonding. (c) A zoomed-in 
view of the RPS gate area. (d) A 3-D image of the sensing gate and (e) a cross-section of this 
sensing gate measured by AFM.  
Figure 4. Particle-to-sensor volume ratio   effects on particle detection by the differential RPS 
method. The RPS sensor was about 6.4    long, 2.4    wide and 2.5    deep, and the applied 
voltage was 6 V.  Particles of 1   , 500 nm, 220 nm and 140 nm in diameter were dispersed in 
0.5 M KCl solution. (a) Distributions RPS amplitudes of 1  , 500 nm, 220 nm and 140 nm 
particles. (b) Volume ratio effects on the RPS signal amplitudes and SNRs. (c)-(f) Examples of 
RPS events of 1   , 500 nm, 220 nm and 140 nm particles detected by the RPS chip.  
Figure 5. Ionic concentration effects on the amplitude and the SNR in particle detection by the 
differential RPS method. (a) Distributions of RPS amplitudes of 140 nm particles detected by 
using 0.01 M，0.1 M, 0.5 M, and 1 M KCl solutions. (b) Examples of RPS signals of 140 nm 
particles detected by using 0.01 M，0.1 M, 0.5 M and 1 M KCl solutions, respectively. (c) The 
conductivity of the solutions and ionic concentration effects on the RPS signal amplitudes of 140 
 34 
nm and 5    particles. Error bars of the conductivity are too small in comparison with the 
symbols which are neglected in the figure. (d) Ionic concentration effects on the SNR in 
detecting 140 nm and 5    particles by the differential RPS method. 
Figure 6. Applied voltage effects on detecting particles by the differential RPS method. (a) 
Distributions of the RPS amplitudes of 140 nm nanoparticles detected by applying 1 V, 1.5 V, 3 
V, 6 V, 9 V electric voltages, respectively. (b) Applied voltage effects on the RPS amplitude in 
detecting 5    , 500 nm and 140 nm particles. (c) Applied voltage effects on the SNR in 
detecting 5  , 500 nm and 140 nm particles. All the particles were diluted in 0.5 M KCl 
solution (pH4). Error bars smaller than the symbols (500 nm and 140 nm cases) are neglected.     
Figure 7. pH effects on particle detection by the differential RPS method. The particles were 
diluted in 0.5 M KCl solution, and 9 V, 6 V and 3 V electric voltages were applied in the 5   , 
500 nm and 140 nm particle cases, respectively. (a) Conductivity of 0.5 M KCl solutions with 
pH ranging from pH 1 to pH 13 and RPS amplitudes of 5   , 500 nm and, 140 nm particles 
detected by using these solutions. (b) pH effects on the SNR in detecting 140 nm particles. (c) 
Distributions of RPS amplitudes in 140 nm particle detection and (d) RPS signals of 140 nm 
particles detected by using pH 1, pH 4, pH 6 and pH 10 KCl solutions. The red lines indicate the 
noise level of each case.   
Figure 8. An example of grouping RPS signals caused by off-axis particle loading. (a) Scatter 
diagram of RPS signals of 500 nm particles detected by the differential RPS. (b) Distribution of 
the RPS signal amplitude in (a). (c) Distribution of dwelling time of the RPS signals in (a). (d) A 




 Systematic study of detecting submicron particles by differential resistive pulse sensing 
(RPS) method. 
 Buffer solution (concentration, pH value and conductivity) effects on the amplitude and 
signal-to-noise ratio (SNR) of RPS signals.  
 Sample loading trajectory effects on the RPS detecting method. 
 Improved understanding of differential RPS method in practical applications.  
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